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Abstract 
In this work buried nanocrystalline CrSi2 layers were synthesized by ion implantation, pulsed annealing and MBE. The structural, 
optical and thermoelectrical properties of CrSi2 layers were studied by methods of SEM, TEM, RBS, PL and Seebeck coefficient 
measurements. The characteristic features of pulsed nanosecond annealing of Cr-implanted Si and epitaxial growth of triple 
Si/nc-CrSi2/Si heterostructures were established. It is shown that grown Si/nc-CrSi2/Si heterostructures, which preliminary 
implanted with the high-dose () = 6u1016 cm-2) of Cr+ ions, have the noticeable low temperature (T = 10-100 K) 
photoluminescence signal at 1450 – 1600 nm and the large Seebeck coefficient (-(60 – 300) PV/K) in the temperature range of T
= 340 – 415 K. 
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1. Introduction 
Chromium disilicide (CrSi2) is the only semiconducting compound in the Cr-Si system. In addition to a narrow 
indirect band gap (Eg ~ 0.35 eV), this material has a high melting point (Tm = 1750 K), low resisitivity (U ~ 1800 
P:ucm) and low thermal conductivity (F = 0.05 W/(cm x K) at 300 K) [1]. Due to these physical properties bulk 
CrSi2 is attractive for the fabrication of thermoelectrical converters and photodetectors for the near infrared spectral 
region (O = 1-4 Pm). As compared to the bulk material, nanocrystalline CrSi2 layers may have different physical and 
electronic properties due to the quantum-size effect. For this reason, CrSi2 nanocrystals formed in the Si matrix have 
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been of great interest to the scientific community for the last 10-15 years [2]. The main method for the formation of 
buried CrSi2 nanocrystals is the reactive deposition of thin Cr layers followed by Si epitaxial overgrowth [3]. The 
other method is the ion-beam synthesis of CrSi2/Si heterostructures which has been studied in [4-7], where high Cr+
doses () > 2u1017 cm-2) and long-term high-temperature annealing were applied. However, to synthesize CrSi2
nanocrystals it is necessary to use lower implantation doses () < 1017 cm-2), temperatures and durations of thermal 
treatment. Pulsed nanosecond treatment by intense laser or ion beams can be alternative to the long-term thermal 
annealing. In our previous papers we demonstrated the formation of triple Si/E-FeSi2/Si and Si/CrSi2/Si 
heterostructures by means of pulsed nanosecond annealing of Fe+- or Cr+-implanted Si followed by epitaxial growth 
of Si by molecular-beam epitaxy (MBE) and studied their optical properties [8,9]. In this paper we studied in detail 
the microstructure of Cr-implanted Si, Cr atom depth distribution in Si, photoluminescent and thermoelectrical 
properties of grown Si/nc-CrSi2/Si heterostructures. 
2. Experimental 
Silicon wafers of n- and p-type conductivity (0.3-5 :ucm) with (100) and (111) orientation were implanted by 
Cr+ ions with the energy E = 40 keV at room temperature with doses ) = (0.6 - 6)u1016 cmí2. The implanted Si 
samples were subjected to pulsed laser annealing (PLA) by ruby laser pulses (O = 0.69 Pm, W = 80 ns, W = 1.6-2.4 
J/cm2) in air or pulsed ion-beam treatment (PIBT) by a high-power carbon ion beam (E = 300 keV, Ĳ = 50 ns, W = 
1.0-1.5 J/cm2). The dose of carbon ions implanted into Si during PIBT did not exceed ) ~ 1013 cm-2. After the 
implantation and pulsed annealing the surface of Si samples was subjected to ultra high vacuum (UHV) cleaning 
procedure which is slow deposition (V = 0.1 nm/min) of thin Si layer onto the heated Si substrate (T = 850 0C) for 
20 min. After this cleaning procedure 100-nm thick Si layers were grown on the surface of the implanted samples at 
T = 700 0ɋ with 7.5 nm/min velocity.  
The surface morphology of the Si samples at the different stages of the formation was studied by means of 
atomic-force microscopy (AFM) and scanning electron microscopy (SEM). The microstructure and phase 
composition of Cr-implanted Si layers after PLA or PIBT were studied by transmission electron microscopy (TEM) 
and grazing X-ray diffraction (GXRD). The depth distribution of Cr atoms in Si and the crystalline quality of Si 
layers were studied by Rutherford backscattering spectrometry (RBS) in grazing geometry. Optical properties of Cr-
based heterostructures were studied by the photoluminescence (PL) method. PL spectra were measured in the range 
of 1000-1700 nm at T = 5-120 K. Thermoelectrical properties of grown Si/CrSi2/Si heterostructures and pure Si 
samples were studied by recording the temperature dependence of the Seebeck coefficient in the temperature range 
of 300-500 K. 
3. Results and discussion 
According to AFM data the surface of Cr-implanted Si is uniform with the roughness V = 0.2-0.7 nm depending 
on the implant dose. As a result of PIBT, the formation of Si grains with lateral sizes up to 0.3 Pm takes place and 
the roughness of such surfaces increases up to 10 nm in the case of high-dose implantation [9]. Figure 1 shows the 
surface morphology of Cr-implanted Si studied by SEM after PIBT. The formation of nanosize (50-150 nm) silicide 
grains (white regions) can be seen. The investigation of the microstructure of Cr-implanted Si layer after PLA by 
TEM indicated the formation of the cellular structure in which single-crystalline Si cells (columns) with sizes of 
about 50 nm are separated by thin walls containing nanosize precipitates of CrSi2 (Fig. 2). The size of such cells 
depends on the regimes of implantation and pulsed annealing (implant dose, pulse duration and energy density) and 
varies in the 30-300 nm range. The formation of the cellular structure with small cell sizes is related to low 
solubility of Cr in Si (~ 1016 cm-3) and high crystallization velocities from melt (~ 1-5 m/s). Figure 3 shows RBS 
spectra of Cr-implanted Si (3u1016 cm-2) before and after PLA (W = 1.6 J/cm2). The random RBS spectrum of as-
implanted sample shows a Gaussian-like profile of Cr atoms in Si with a peak at ~ 40 nm and the aligned (along 
<100> direction) RBS spectrum allows one to determine the a-Si thickness (~ 120 nm). After PLA the segregation 
of some fraction of the implanted Cr atoms to the Si surface is clearly seen together with Cr diffusion into the Si 
substrate. It was observed that the Cr segregation degree decreases with increase in the implant dose that is 
accompanied by the enhancement of Cr diffusion into Si. The channeled RBS spectrum (Fig. 3) indicated the 
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efficient crystallization of the a-Si layer during PLA (300-340 channels) except for the topmost Si layer and GXRD 
data indicated the synthesis of polycrystalline CrSi2 layers [9]. 
Before the deposition of Si films by MBE, the surface of Cr-implanted Si samples was cleaned in UHV by 
heating at 850 0C for 20 min. AFM data showed that the roughness of the surface for all samples was in the range of 
3-10 nm. Then, Si films 100-nm thick were deposited by MBE onto cleaned surfaces at T = 700 0C with the velocity 
of 7.5 nm/min. AFM data showed the discontinuous structure of deposited Si films in all samples. However, the 
low-dose sample (1u1016 cm-2) showed (1u1) reflexes and weak (7u7) super reflexes in LEED patterns that 
indicated the epitaxial growth regime. The Si film grown on the surface of the high-dose sample (6u1016 cm-2) did 
not show any reflexes in LEED patterns that indicated its polycrystalline structure [9]. 
      
Fig. 1. SEM image of the Cr-implanted Si surface () = 6u1016 cm-2) after PIBT (W = 1.2 J/cm2).
Fig. 2. Bright-field TEM image of the Cr-implanted Si layer () = 3u1016 cm-2) after PLA (W = 1.6 J/cm2). 
Figure 4 shows PL spectra of the Si/nc-CrSi2/Si heterostructure formed by high-dose implantation (6u1016 cm-2)
measured at T = 10-100 K under O = 532-nm exciting radiation. The characteristic feature of this sample is the 
intense PL band peaked at 1520-1530 nm (~ 0.81 eV) which was not observed in other samples with lower implant 
doses. In our opinion, the origin of this PL band is not due to the radiative recombination in CrSi2 nanocrystals but is 
more probably due to misfit dislocations (characteristic D1-D2 lines) [8] nucleated at the upper CrSi2/Si interface, 
where the number of dislocations is maximal at this high implant dose. 
     
Fig. 3. Random and aligned RBS spectra of Cr-implanted Si () = 3u1016 cm-2) before (W=0) and after PLA (W=1.6 J/cm2).
Fig. 4. PL spectra of Si/CrSi2/Si heterostructure formed by high-dose Cr implantation () = 6u1016 cm-2).
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Fig. 5. Temperature dependence of the Seebeck coefficient of pure p-Si sample and Si/CrSi2/Si heterostructures formed by the low () = 1u1016
cm-2) and high () = 6u1016 cm-2) doses of Cr ions. 
Thermoelectrical properties of grown Si/nc-CrSi2/Si heterostructures and the pure p-Si sample were studied at T
= 300-500 K in a vacuum chamber at the pressure of about 10-2 Torr. It was observed that the temperature 
dependence of the Seebeck coefficient for the low-dose sample (1u1016 cm-2) practically coincides with the curve 
for the pure Si sample and the value of Seebeck coefficient changes from 0 to -50 PV/K with temperature increase 
(Fig. 5). At the same time, the Seebeck coefficient for the high-dose sample (6u1016 cm-2) decreases to -300 PV/K at 
T = 340 K and then increases to -60 PV/K at T = 415 K. In our opinion, such difference of the temperature behavior 
is due to different Cr concentrations and dislocation densities in studied samples which affect the carrier generation 
and phonon confinement. 
4. Conclusions
The characteristic features of pulsed nanosecond annealing of Cr-implanted Si such as the efficient 
recrystallization of amorphous Si, formation of submicron cellular structures, segregation of the Cr impurity to the 
Si surface and synthesis of polycrystalline CrSi2 grains were studied. Triple Si/nc-CrSi2/Si heterostructures were 
fabricated by the subsequent MBE growth of Si films 100-nm thick. It is shown that grown heterostructures emit 
light in the 1.5-1.6 Pm region and generate the thermopower in the 300-400 K range. 
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